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We compare the photoluminescence spectra of the low-temperature Mott insulator κ-(BEDT-
TTF)2Cu[N(CN)2]Cl (TMIT = 40 K) with spectra of metallic κ-(BEDT-TTF)2Cu[N(CN)2]Br, which
is superconducting below Tc = 11.8 K, in the temperature range between 300 and 20 K. In the Mott
insulating state of κ-(BEDT-TTF)2Cu[N(CN)2]Cl we observe a luminescence band at 1.95 eV due to
the recombination of an exciton created by a HOMO-LUMO optical excitation. This luminescence
is quenched both in the high-temperature bad metal state of κ-(BEDT-TTF)2Cu[N(CN)2]Cl and in
metallic κ-(BEDT-TTF)2Cu[N(CN)2]Br. The observation of the luminescence of an exciton provides
evidence for the local character of excitations in the Mott insulating state.
PACS numbers: 74.70.Kn, 74.25.Gz, 71.30.+h, 71.35.Aa
I. INTRODUCTION
The Mott insulator state of solids results from elec-
tronic correlations and cannot be derived from band the-
ory in the single-electron approximation1. Mott physics
attracts a lot of attention since a Mott insulator state was
found in close proximity to superconductivity in, for ex-
ample, high-temperature superconductors2–5 or organic
metals6. Yet, Mott insulators are interesting on their
own, since the metal-insulator transition (MIT) occurs
without symmetry breaking. The Hubbard model7 cap-
tures the essential physics and shows directly that the
gap opens only due to many-body effects.
It remains a challenge to find model systems in which
the Mott transition can be studied independently of other
ordering phenomena such as stripe order in the cuprates,
for instance. It is worth mentioning in this regard a re-
cent observation of a Mott insulator to metal transition
observed in an InGaAs/GaAs quantum well, where a con-
trol parameter was the carrier concentration varied via
photo-excitation, and no effects of additional ordering
are expected8. One of the most pure examples of Mott
metal-insulator transition in strongly-correlated electron
solids are half-filled organic metals, where chemical sub-
stitution, pressure or temperature variation are known to
induce MITs. The pair κ-(BEDT-TTF)2Cu[N(CN)2]Br
(κ-ET-Br) and κ-(BEDT-TTF)2Cu[N(CN)2]Cl (κ-ET-
Cl), which belongs to the group of quasi two-dimensional
BEDT-TTF-based compounds ( BEDT-TTF stands for
bis(ethylenedithio)-tetrathiafulvalene), is a prominent
example of the effects of electronic correlations at half-
filling6,9. The metallic and insulating properties de-
rive from the conduction band formed by the overlap-
ping highest occupied molecular pi-orbitals (HOMO) of
BEDT-TTF. The anion layer is a charge reservoir and, to
some extent, determines the geometry of the cation layer.
On the average half an electron is removed from the
300 
100 
50 
Mott 
insulator 
AF insulator 
Bad metal 
SC 
k-(BEDT-TTF)2 
Cu[N(CN)2]Cl 
FL metal 
Semiconductor 
k-(BEDT-TTF)2 
Cu[N(CN)2]Br 
Pressure 
T
e
m
p
e
ra
tu
re
 
FIG. 1. A schematic temperature-pressure phase diagram of
the κ-(BEDT-TTF)2Cu[N(CN)2]X (X=Cl, Br) based on the
data from Ref. 10 and 11. Positions of of κ-(BEDT-TTF)2-
Cu[N(CN)2]Br and κ-(BEDT-TTF)2Cu[N(CN)2]Cl at ambi-
ent pressure are shown by arrows.
HOMO band of BEDT-TTF, and the intrinsic dimerisa-
tion in the κ-phase layer leads to lattice sites of [(BEDT-
TTF)2]
+1 and thus a half-filled conduction band.
The compounds studied in this work are well charac-
terized by a number of methods, including d.c. resistiv-
ity, IR optical properties, and NMR10–13. A schematic
phase diagram based on the mentioned references is pre-
sented in Fig. 1. In κ-ET-Cl a Mott insulator state
manifests itself below the temperature of bad-metal to
Mott insulator crossover at about 40 K, and the com-
pound becomes antiferromagnetic at TN = 25 K.
10,11 The
substitution of Cl by Br in the non-conducting anion
layer introduces slight changes in the geometry of the
conducting BEDT-TTF layer, which lead to an increase
of the transfer integrals between lattice sites and, corre-
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2spondingly, the bandwidth14. The κ-ET-Br compound
shows Fermi-liquid (FL) metallic behavior at low tem-
peratures, and undergoes a superconducting transition
at Tc=11.8 K. By comparing κ-ET-Br and κ-ET-Cl at
various temperatures the bandwidth controlled MIT can
be studied. The electronic structure of these materials is
relatively simple, and their physical properties are well
described in terms of a Hubbard model, as a Mott insu-
lator in the case of κ-ET-Cl, or as a metal close to an
MIT in the case of κ-ET-Br.15. In agreement with the-
ory, optical infrared investigations show a Mott gap and
an optical transition between the lower and the upper
Hubbard band in the Mott insulating state of κ-ET-Cl.
These optical transitions are still observed in the spectra
of metallic κ-ET-Br, while a narrow Drude-like carrier
response is observed below 100 K indicating FL behav-
ior.
From an experimental point of view, it is difficult to
demonstrate as to whether or not charge is localized,
and a material is an insulator at the lowest tempera-
ture. For example, the dc conductivity vanishes only in
the zero-temperature limit1. At finite temperatures spe-
cific probes of electronic localization is required. Optical
conductivity16, as mentioned above, light scattering17–20
or photoluminescence (PL)8 are possible alternatives.
The inelastic light scattering and optical conductivity
studies probe the density of states in the occupied bands.
The response for the half-filled conductance band is found
below approximately 1 eV for BEDT-TTF-based mate-
rials. PL along with optical absorption at higher fre-
quencies probe interband transitions. For studies of a
metal-insulator transition, PL can be used as a reliable
indicator of localization, since in metals PL is weak or
absent due to the possibilities of non-radiative relaxation
through the metallic bands and screening by free charge
carriers. An example of the successful application of this
method is a direct observation of a Mott transition in
a quantum well8. Through PL an exciton band is ob-
served in the Mott insulator state at low charge carriers
concentration, the band disappears at high carrier con-
centrations in the metallic state.
In this paper, we study PL spectra to investigate the
Mott metal-insulator transition in κ-ET-Cl achieved by
lowering the temperature below 40 K. We observe an ex-
citon luminescence band, which disappears in the high-
temperature bad metal state and is absent in the metallic
state of κ-ET-Br. PL is a local process. Accordingly, the
appearance of a band in the PL spectra of κ-ET-Cl below
the MIT demonstrates the local character of the excita-
tions. Further insight can be obtained on the basis of a
detailed scheme of electronic levels of κ-ET-Cl and κ-ET-
Br. The scheme we show compiles data that were previ-
ously only found scattered in the literature on the optical
transitions in BEDT-TTF-based materials and will be of
use for further electronic Raman scattering studies sug-
gested for this class of compounds21.
II. EXPERIMENTAL
High quality single crystals of the κ-ET-Cl and κ-ET-
Br were grown by standard electrochemical methods22,23.
The crystallography and the band structure of these com-
pounds are reviewed in Ref. 14. The orthorhombic a
and c axes lie in the conducting plane that forms the
largest surface of the crystal. The crystals were oriented
at room temperature by measuring their infrared spectra
and comparing the with the results in Ref. 16. The size of
the samples used for the studies here was approximately
0.8× 0.8× 0.5 mm.
The experiments were performed with a calibrated Ra-
man setup equipped with a Jarrell-Ash 25-100 double
monochromator having a spectral range from approxi-
mately 400 to 723 nm. The light was detected with a
back-illuminated charge coupled device (CCD) cooled to
120 K. The spectral resolution depends on the wavelength
for the fixed slit width used here and improves from 12
to 5.2 cm−1 per mm slit width between 500 and 700 nm.
This change is taken care of in the calibration. In other
words, the cross sections shown below correspond to a
constant resolution. Minor changes of the line shape may
occur in the case of narrow spectral lines but they are ir-
relevant here.
For excitation we used the Ar+ laser line at 514.5 nm
(2.412 eV) for both compounds. In order to safely dis-
tinguish between inelastic scattering (Raman effect) and
PL κ-ET-Cl was additionally studied with excitation at
476.5 nm (2.604 eV). The power impinging on the sample
was kept below 1 mW to avoid damage of the samples
and to keep the heating in the illuminated spot below
5 K. All spectra were measured with the scattered pho-
tons perpendicular to the incident ones. In most of the
cases the incident light was polarized along the a axis. In
some cases both polarization were at an angle of 45◦ with
respect to the a axis. The luminescence turned out to
be polarization independent while there are the expected
changes on the vibrational Raman-active lines. For the
study of the temperature dependence the samples were
mounted on the cold finger of a He-flow cryostat having
a vacuum of better than 10−6 mbar. For attaching the
samples on the cold finger we used carbon paint, which
does not chemically react with the crystal and stays suffi-
ciently elastic at low temperature to minimize the stress
induced by the differential thermal expansion of the cop-
per holder and the samples.
III. RESULTS
Fig. 2 shows the PL spectra of κ-ET-Cl for the two ex-
citation energies ~ωI of 2.412 and 2.604 eV as a function
of the scattered photons’ energies ~ωS . Two types of ex-
citations are observed: (i) The narrow lines at 2.22 and
2.43 eV are Raman lines originating in the C=C stretch
vibration of the two inner rings pairs of the BEDT-TTF
molecule at ~Ω = 1502 cm−1 which would appear at the
3same shift ~ωI − ~ωS .24 The difference in the line shape
is due to the changes in the resolution and will not be
subject of the present paper. (ii) The broad maxima ap-
pearing at low temperature at 1.76 and 1.95 eV do not
vary substantially upon the change of the excitation fre-
quency. Therefore they can be identified as PL. The max-
imum at 1.95 eV appears only at low temperature. This
data are reproducible over many cooling cycles and for a
number of crystals.
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FIG. 2. (color online) Photoluminescence spectra of κ-
(BEDT-TTF)2Cu[N(CN)2]Cl above and below the MIT
(TMIT=40 K). The spectra are measured with excitation en-
ergies ~ωI of 2.412 and 2.604 eV as indicated and plotted as a
function of the absolute energy of the detected photons ~ωS .
The maxima at 1.76 and 1.95 eV are independent of the ex-
citation. The narrow lines at 2.22 and 2.43 eV are Raman
lines originating in the C=C stretch vibration of the two in-
ner rings pairs of the BEDT-TTF molecule at approximately
1502 cm−1 (186 meV).
The detailed temperature dependence of the PL spec-
tra of κ-ET-Cl is plotted in Fig. 3 (a). The peak at
1.95 eV is observed in the spectra taken at 20 K well be-
low the MIT at 40 K. A minor enhancement of the inten-
sity with respect to that at 200 K appears already at 100
and 50 K. The result is reproducible for several cooling
cycles and crystals. In contrast, κ-ET-Br does not show
a peak at 1.95 eV at any temperature (see Fig. 3 (b)).
The absence of this excitation can now be clearly related
to the metallicity of the materials and will be discussed
below.
In addition to the maximum at 1.95 eV, the spectra
of both κ-ET-Br and κ-ET-Cl show identical maxima at
1.76 eV. As demonstrated in Fig. 3, these peaks possess
the same intensity and position at all the studied tem-
peratures. Obviously, there is no influence of the MIT on
this excitation.
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FIG. 3. (color online) Temperature dependence of photolu-
minescence spectra of κ-(BEDT-TTF)2Cu[N(CN)2]Cl (upper
panel) and κ-(BEDT-TTF)2Cu[N(CN)2]Br (lower panel) for
excitation energies 2.41 eV at 200, 100, 65 and 20 K. The κ-
(BEDT-TTF)2Cu[N(CN)2]Cl spectra show an appearance of
a new band at 1.95 eV below TMIT . The upper panel shows
a fit of the spectra at 20 K (dashed lines) with two Lorentz
shapes with maxima at 1.76 and 1.95 eV.
IV. DISCUSSION
The main experimental result of this work is the ap-
pearance of an additional luminescence band at 1.95 eV
in the Mott insulator state of κ-ET-Cl. From a theory
point of view one would expect the observation of a low
energy gap in the inelastic (Raman) spectra correspond-
ing approximately to the gap between the lower and the
upper Hubbard band.19 We did not find significant indi-
cations of this gap in the low-energy range but rather the
appearance of the PL transition at 1.95 eV which will be
in the main focus of the following discussion. To this end
we look first at the possible transitions in the relevant
energy range.
A. Optical transitions in BEDT-TTF-based
materials
The luminescence spectra of other BEDT-TTF-based
materials show an intense emission maximum at 1.95 eV
and a weaker one at 1.79 eV which is interpreted in terms
of a vibronic side band25,26. In this work, the band
4at 1.76 eV dominates the spectra and does not depend
on temperature. We argue that the band is not re-
lated to the BEDT-TTF layer alone but, rather, has ma-
jor contributions from the anion layer [Cu(N(CN)2)X]
−
(X = Cl, Br). In fact, various complexes of copper(I)
with nitrogen-based radicals and halogens are known
to show a strong luminescence in the visible range27.
The origin of the transition may depend on the system,
and the luminescence can either originate from an ex-
ited state of Cu 3d94s1 (Ref. 28) or from a metal-ligand
transition29. Thus for an in-depth analysis of the fre-
quency of the luminescence at 1.76 eV details about the
copper coordination in the complex is needed which, how-
ever, is beyond of the scope of the present study.
To interpret our results concerning the temperature
behavior of the band at 1.95 eV we review the published
data on the visible spectra of BEDT-TTF and some
BEDT-TTF-based crystals. Ab initio calculations of the
band structure of κ-ET-Br30 and κ-ET-Cl31 yield infor-
mation only about the excitations close to the Fermi en-
ergy and do not describe optical transitions at and above
2 eV. Since, to the best of our knowledge, no calcula-
tion of molecular levels of BEDT-TTF is published, we
need experimental information on optical transitions of
the BEDT-TTF molecule and its salts in a wider en-
ergy range. We use the absorption, excitation, and lu-
minescence spectra of the BEDT-TTF molecule and its
monovalent salt25,26,32, as well as the absorption spec-
trum of the studied compound33 for the scheme displayed
in Fig. 4.
The left part of the scheme shows results derived from
optical spectra of BEDT-TTF molecules. Strong ab-
sorption bands are found at 3.58 and 3.86 eV26 indepen-
dent of whether the BEDT-TTF molecules or compounds
are in solution or crystallized. The changes below 3 eV
are stronger and are related to the formation of BEDT-
TTF dimers and/or of electronic bands with considerable
dispersion26. The weak absorption band appearing at
2.6 eV is usually associated with the HOMO → LUMO
transition in the monomer. It is very weak if present in
the spectra of the isolated molecule and gains intensity in
crystals26,32,35. For the monovalent salt of BEDT-TTF
studied in Ref.26 or for the compounds studied here, one
electron or of half an electron per molecule is removed
from the band formed by HOMO orbitals of BEDT-TTF
and transferred to the anion. As a result, an additional
absorption band is observed at about 2 eV. This tran-
sition is assigned to a HOMO-1 → HOMO interband
transition26,33.
At liquid He temperatures upon excitation with light
energies between 2.4 and 4 eV a luminescence is found
at 1.97 eV for both neutral BEDT-TTF molecules in
solution26 and BEDT-TTF based 3/4-filled crystalline
salts. This luminescence is either a LUMO → HOMO
transition25 or a bound electron-hole pair36.
In the crystals of neutral BEDT-TTF26 as well as in
κ-ET-Br and κ-ET-Cl the BEDT-TTF molecules are or-
ganized in dimers. Here we define dimers as pairs of face-
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FIG. 4. Scheme of the molecular levels of the BEDT-TTF
molecule and κ-phase crystals. The energies are derived from
the experimental results of Refs. 16, 26, 33, and 34 and the
information about the band structure of the κ-phase BEDT-
TTF-based crystals31. The left part shows the most promi-
nent levels for the BEDT-TTF molecule. The right part of
the scheme presents the energy levels in the κ-phase crys-
tals. The splitting of the energy levels is associated with the
dimerization in the κ-phase structure. The conduction band
formed by HOMO splits into a fully occupied band and a half-
filled one. The size of the splitting is derived from infrared
experiments16,34. A further splitting of the upper half-filled
conduction band into a lower and an upper Hubbard band oc-
curs in κ-(BEDT-TTF)2Cu[N(CN)2]Cl in the Mott insulating
state.
to-face oriented molecules having a larger overlap of the
pi-orbitals. This dimerization of the BEDT-TTF layer
leads to the splitting of the bands. For the compounds
studied here, the dimerization-induced splitting can be
estimated from both the optical conductivity spectra16
and band structure calculations31 to be 0.4 eV. In this
case, a formerly 3/4-filled conductance band (+0.5 per
molecule) formed by HOMO orbitals is split into a com-
pletely filled lower band and an upper half-filled con-
duction band. In κ-ET-Cl below the MIT at 40 K, the
conduction band further splits into a lower fully occu-
pied and upper unoccupied Hubbard band (see r.h.s. of
Fig. 4). In Ref. 26 the slight difference between the lu-
minescence of the BEDT-TTF molecule and that of the
neutral crystal (1.97 eV vs. 1.96 eV) was assigned to
the splitting due to the dimerization. However, the es-
timates done above show, that this difference is much
smaller than the splitting.
B. Free and bound electron-hole pairs in the Mott
insulator state
Intrinsic exciton luminescence is observed for many
molecular crystals formed by aromatic molecules36–38.
5Molecular crystals such as neutral crystalline BEDT-
TTF are band insulators, which explains the presence
of the luminescence in the latter.
In the low-temperature Mott insulating state of κ-ET-
Cl we observe a photoluminescence at 1.95 eV excited by
photons with energies of either 2.412 or 2.604 eV. This ex-
citation across the HOMO-LUMO gap creates an exciton
with relatively high energy and a small radius (Frenkel
exciton). An observation of Frenkel excitons in insulat-
ing and semiconducting organic aromatic compounds is
fairly common with anthracene being a good example36.
Therefore, the explanation of PL spectra in BEDT-TTF-
based materials in terms of recombining excitons is prob-
ably the most natural approach.
The exciton PL band at 1.95 eV is absent in the spec-
tra of the the high-temperature bad-metal and the low-
temperature metallic state of κ-ET-Br, as well as for κ-
ET-Cl at temperatures above 40 K. In the metallic and
bad-metal states the created electron-hole pair does not
form an exciton due to the high enough screening values39
in a system of quasi-free charge carriers. In the Mott in-
sulating state of κ-ET-Cl the exciton is observed in a PL
process because in this case the screening is essentially
reduced.
Controlling the luminescence in solids is an important
applied problem40. Our results show that a transition
from a Mott insulating state into a metallic state is a
viable way towards quenching luminescence indicating
that electronic correlations can provide functionality in
organic conductors.
The Mott transition paves the way towards other
instabilities such as phase separation41,42 or anti-
ferromagnetism. Thus, there may be a cascade of
transitions in κ-ET-Cl triggered by the MIT, for in-
stance, ferro-electricity as observed recently below ap-
proximately 30 K (Ref. 43).
V. CONCLUSIONS
We studied the photoluminescence spectra of the or-
ganic conductors κ-(BEDT-TTF)2Cu[N(CN)2]Br and κ-
(BEDT-TTF)2Cu[N(CN)2]Cl in the spectral region of
1.7-2.6 eV at temperatures between 20 and 300 K us-
ing laser radiation at 2.412 and 2.604 eV. For κ-(BEDT-
-TTF)2Cu[N(CN)2]Cl below T = 40 K we observe the
appearance of a band at 1.95 eV which we assign to the
luminescence decay of an exciton right below the HOMO-
LUMO gap (dashed horizontal line in Fig. 4). This lumi-
nescence is quenched by screening in the metallic state
of κ-(BEDT-TTF)2Cu[N(CN)2]Br as well as in the high-
temperature bad metal state in both materials. The pres-
ence of the exciton luminescence in the Mott insulating
state demonstrates the local properties of this ground
state and is an example of how luminescence can be con-
trolled by electronic correlations.
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